Purpose of Review: Concussions are a major public health issue, and particularly so in the setting of sports. Millions of athletes of all ages may face the risks of concussion and repeat concussion. This article introduces the terminology, epidemiology, and underlying pathophysiology associated with concussion, focused on sports-related injuries. Recent Findings: Concussion is a clinical syndrome of symptoms and signs occurring after biomechanical force is imparted to the brain. Because of the subjective nature of symptom reporting, definitions of concussion differ slightly in different guidelines. Concussion nomenclature also includes mild traumatic brain injury, postconcussion symptoms, postconcussion syndrome, chronic neurocognitive impairment, subconcussive injury, and chronic traumatic encephalopathy. Between 1.6 and 3.8 million sports-related concussions are estimated in the United States annually, particularly in youth athletes. Rates of concussion are higher in sports such as football, rugby, ice hockey, and wrestling in males, and soccer and basketball in females. The underlying pathophysiology of concussion centers on membrane leakage, ionic flux, indiscriminate glutamate release, and energy crisis. These initial events then trigger ongoing metabolic impairment, vulnerability to second injury, altered neural activation, and axonal dysfunction. While the linkage between acute neurobiology and chronic deficits remains to be elucidated, activation of cell death pathways, ongoing inflammation, persistent metabolic problems, and accumulation of abnormal or toxic proteins have all been implicated. Summary: Concussion is a biomechanically induced syndrome of neural dysfunction. Millions of concussions occur annually, many of them related to sports. Biologically, a complex sequence of events occurs from initial ionic flux, glutamate release, and axonal damage, resulting in vulnerability to second injury and possibly to longer-term neurodegeneration.
INTRODUCTION
Concussions have moved to the forefront of public awareness, particularly in the world of sport. In the past few years, multiple national and international organizations have made considerable efforts to publish sports concussion reviews, guidelines, position statements, and best practice recommendations. 1Y6 (Refer to Appendix A for a summary of the American Academy of Neurology's evidence-based guideline for clinicians.) The lay press has covered concussion injuries in high-profile and youth athletes Dr who participate in sports from football to soccer to snow sports. While concern for premature return-to-contact risk has traditionally been the focus for sports-related concussion, a growing worry exists of the potential for longterm cumulative impairments resulting from multiple concussions over an athlete's career. It is clear that the medical issues related to sports concussion are complex, and therefore a multidisciplinary approach is optimal for the evaluation and management of these injuries.
DEFINITIONS
The term concussion originates from the Latin concussio or concutere, which means ''to strike together'' or ''to shake violently.'' Concussion has generally been used to refer to the mild end of the traumatic brain injury (TBI) spectrum, where biomechanical forces transmitted to the brain induce physiologic dysfunction and neurologic impairments, generally in the absence of detectable macrostructural damage. While some have used the terms concussion and mild TBI synonymously, there can be distinctions. Traditionally, the severity of TBI has been measured by the Glasgow Coma Scale (GCS), a clinical rating with a maximum of 15 points given for eye opening, speech, and motor response. This scale has been validated across the injury spectrum to be predictive of longterm outcomes, but is not well suited to distinguish variations in recovery at the mild end. Mild TBI generally refers to a GCS of 13 to 15, regardless of mechanism or demonstrable structural injury using CT or x-ray. Therefore, it is possible for someone with a mild TBI by GCS to have a skull fracture or intracranial hemorrhage, as long as their clinical rating on the GCS is within 13 to 15.
Concussion may be most widely thought of as a clinical syndrome of neurocognitive or behavioral dysfunction resulting from a biomechanically induced alteration of brain physiology. This generally occurs in the absence of intracranial pathology, although advanced neuroimaging suggests that microstructural changes can be detected. Common acute symptoms include headache, dizziness, nausea, confusion, memory impairment, imbalance, and behavioral changes. Underlying cerebral dysfunction is manifest primarily through clinical symptoms or measurable neurologic impairments in cogni-tion, reaction time, balance, or behavior, and, for most, is recoverable over time.
No definitive biomechanical threshold has been identified to induce the concussion syndrome in all individuals.
In practice, the terms concussion and mild TBI are often used interchangeably. However, beyond the historical and clinical distinctions mentioned above, the perception of what these terms mean is often different in the patient and in the medical care provider. Recent studies suggest that the term mild TBI was associated with a greater severity and seriousness of injury, while concussion was less alarming. 7 More recently, the concept of subconcussive injury has been increasingly used in both the lay press and the medical literature. While no universally accepted definition exists for subconcussive injury, the theoretical construct is that a biomechanically induced physiologic/microstructural injury is imparted but the affected individual does not manifest symptoms. The predominant concern for subconcussive injury has been in the sports and military arenas, because of the possibility/probability of sustaining multiple biomechanical injuries in rapid succession with inadequate time for full physiologic recovery in between injuries. Experimental evidence exists to suggest that such a scenario can result in increased acute/subacute vulnerability and possibly also a greater risk for longer-term impairment or even neurodegeneration.
Postconcussion symptoms are simply the subjective report of neurobehavioral impairments after concussion. The most common acute symptoms include headache, nausea, dizziness, confusion, memory impairment, incoordination, attention problems, and behavioral changes. Postconcussion syndrome has been described as persistent symptoms (headache, dizziness, memory KEY POINTS h Medical issues related to sports concussion are complex, and therefore a multidisciplinary approach is optimal for the evaluation and management of these injuries.
h The term concussion has generally been used to refer to the mild end of the traumatic brain injury spectrum, where biomechanical forces transmitted to the brain induce physiologic dysfunction and neurologic impairments, generally in the absence of detectable macrostructural damage. impairment, irritability, attention/ concentration problems, depression, anxiety) lasting a variable duration (more than 3 months up to 12 months or longer) following a concussion. 8Y12 Some of the definitions 8Y10 include implications that some loss of consciousness occurred and that the etiology of the symptoms was predominantly psychological dysfunction. More recently, chronic postconcussion syndrome has been used to refer to chronic persistent symptoms seen in a small subset of individuals after a concussion. 12 In addition to the chronic symptoms after concussion discussed above, the terminology chronic neurocognitive impairment has been proposed by the American Medical Society for Sports Medicine. 3 This refers to demonstrable neurologic, cognitive, or behavioral impairment, generally measured using validated tests or neuropsychological tools. Chronic neurocognitive impairment is detected during a patient's lifetime, and multiple studies support the presence of this sequela, particularly in professional athletes with longer exposure to contact sports. 1 These impairments are not necessarily progressive, as longitudinal data are still lacking. Lastly, the diagnosis of chronic traumatic encephalopathy refers to a pathologically proven accumulation of tau in the brain, reported in multiple cases of retired athletes and military personnel. 13 In retrospect, these individuals had neurobehavioral impairments during life; however, the causal linkage to earlier concussions and a progressive neurodegenerative course are implied but unproven. Some have classified chronic traumatic encephalopathy as essentially synonymous with dementia pugilistica, 13, 14 while others have included it as only one type of chronic TBI. 12 
EPIDEMIOLOGY
The vast majority of sports-related TBIs are concussions. It is estimated that 1.6 to 3.8 million sports-related concussions occur annually in the United States alone. 15 It is likely that this is an underestimate, as many concussions do not come to medical attention. Over the past decade, the number of diagnosed concussions (in and out of sports settings) has increased, most likely because of increased public awareness and concern about these ubiquitous injuries. TBI in general, including concussions, has the highest rates in the pediatric age ranges. 16 While the total number of sports concussions is on the rise, equally important in assessing concussion risk are the rates of concussion. In sports, this is usually quantified as the number of diagnosed concussions per ''athlete exposure'' (one event, game, or practice in which the athlete participates and is at risk). While imperfectVthis metric does not take into account the actual duration of the contact-risk exposureVconcussion rates offer a reasonable comparator to estimate risk between different sports.
Evidence-based reviews and primary studies have investigated the risk of concussion by sport. 1 Some sports, such as boxing and mixed martial arts, do not have good published data upon which to determine concussion rates but are almost certainly among the highest risk. For sports with published data, in males, the highest-risk sports are football, rugby, ice hockey, and wrestling. In females, the highest-risk sports are soccer and basketball. 17 While males sustain more concussions than females, in sports with comparable rules played by both genders (soccer, basketball, softball/ baseball), females have about twice the rate of concussion as males. 18 The reasons for these gender differences h For sports with published data, in males, the highest-risk sports for concussion are football, rugby, ice hockey, and wrestling. In females, the highest-risk sports are soccer and basketball. Females have a higher rate of concussions than males in comparable sports. are uncertain, but most research has focused on differences in neck strength. 19 Other possibilities include hormonal differences 20 or differences in symptom reporting. 21 One distinct component of sportsrelated concussion is the propensity for repeated injuries. Rates of repeat TBI vary widely, from 5.6% to 36% of the TBI population at large, and likely higher in contact/collision sports settings. 22 It is this characteristic that makes the evaluation and management of sports concussions unique. Sports concussions are a mild form of TBI, and, when sustained, an expectation of recovery and eventual return-to-contact-risk activity exists. This likelihood for returning to risk and the chance for repeat concussions is one of the driving points behind the need for improved recognition and diagnostics, as well as for more objective programs for return to play.
PATHOPHYSIOLOGY
The underlying pathobiology of concussive injury has been well summarized. 23, 24 These insights originated from animal data and were subsequently confirmed using invasive monitors in cases of severe human TBI. More recently, the use of advanced neuroimaging has allowed demonstration, with noninvasive methods, of many components of the neurometabolic cascade after concussion. 25 Biomechanical forces distort cellular membranes. In neurons, this results in transient membrane defects (mechanoporation) and ionic flux. An indiscriminate release of potassium and influx of sodium and calcium occurs, generating a physiologic state resembling the spreading depression described in migraine. At the same time, these depolarized neurons trigger a widespread release of glutamate. The membrane ionic pumps deplete intracellular energy stores, which results in a relative energy crisis. Simultaneously, an initial decrease in cerebral blood flow occurs. This mismatch, termed uncoupling, worsens the metabolic dysfunction. It is likely that this window of metabolic dysfunction determines the time period of increased biological vulnerability to a second concussion, as shown by experimental work. 26 However, determining this window in human patients is more challenging. A study using magnetic resonance spectroscopy reported a reduction of the metabolite Nacetylaspartate for up to 30 days after a concussion in adult athletes. 27 Interestingly, a subset of these athletes sustained a second concussion before full recovery and the levels of Nacetylaspartate took longer to recover. 27, 28 While not ready for routine clinical use, these studies in animals and humans support the concept of biological vulnerability after concussion and underlie the recommendation ''when in doubt, sit it out.'' Stretching of axons also results in impaired transport and connectivity in the concussed brain. Beading and undulations in axons have been reported in experimental studies of concussion. 29 Human studies using diffusion tensor imaging as a surrogate measure for axonal integrity have reported alterations in fractional anisotropy (directional diffusion of water) in the white matter of concussed children, 30 adolescents, 31 athletes, 32 and military personnel. 33 In multiple studies, there has been loose correlation between diffusion tensor imaging measures and clinical cognitive testing. No gold standard normative database exists yet for routine clinical use of diffusion tensor imaging, but again, the noninvasive imaging provides translational support for the neurobiological changes originally discovered in animal models. h Recently, the use of advanced neuroimaging has allowed demonstration, with noninvasive methods, of many components of the neurometabolic cascade after concussion.
The linkage between acute pathophysiology and chronic changes after concussion is an area of high priority for study, but no direct causal pathways have yet been proven. Some ongoing hypotheses include the development of chronic excitotoxicity due to delayed glutamate release, persistent metabolic impairment that creates vulnerability to repeated injury or even to excessive neural activation, or initiation of chronic inflammatory states and abnormal protein degradation that may result in toxic accumulations of amyloid or tau. Each of these has been proposed as a possible physiologic link between concussion and later neurodegeneration. Current evidence suggests for the most part that an isolated concussion is recoverable, but the likelihood of developing persistent symptomatology and chronic dysfunction may be related to multiple concussions with inadequate time for recovery.
CONCLUSION
Concussion is a clinical syndrome of mild TBI that is initiated by biomechanical force and results in a predominantly functional, physiologic injury. Common acute symptoms include headache, dizziness, nausea, confusion, memory impairment, imbalance, and behavioral changes.
Concussions are a major public health issue, with millions occurring annually, many in the context of sports. The rates for concussion and TBI are highest in the pediatric and adolescent age ranges. The highest-risk sports for males of all ages include football, rugby, ice hockey, and wrestling, and for females, soccer and basketball. In comparable sports (soccer, basketball, and softball/baseball), females have about twice the rate of concussion as males.
The clinical manifestations and physiologic perturbations associated with concussion are largely recoverable with time, but repeated concussions, particularly within a window of vulnerability, may open the door for more chronic postconcussive syndrome or even neurodegeneration. A basic understanding of concussion definitions and pathophysiology is essential for the practicing clinician.
USEFUL RESOURCES
The American Academy of Neurology (AAN) has a number of current resources on sports concussions for physicians, coaches and athletic trainers, and patients and their families.
Sports Concussion Toolkit www.aan.com/concussion
Resources on sports concussion for physicians, coaches, parents, and athletes. For a complete list of resources included in the Sports Concussion Toolkit, see Appendix B.
Neurology Now Traumatic Brain Injury Collection for iPad A special iPad app issue, published in July 2014, of collected articles on traumatic brain injury and concussion published in Neurology Now, the AAN's magazine for neurologic patients and their caregivers. The Neurology Now app and access to all content is free and available from the Apple App Store.
